We describe in depth the structure of complexes formed between DNA and two classes of arginine-containing peptide amphiphiles, namely, the lipopeptide PRW-C 16 (P= proline, R= arginine, W= tryptophan, C 16 = C16:0 alkyl chain) and the bolaamphiphile RFL 4 FR (R= arginine, F= phenylalanine, L= leucine). A combination of X-ray and neutron scattering provided unprecedented insights into the local structure of these complexes. Lipopeptide-based complexes self-assembled into layered structures with large-scale fractal features, hosting DNA in the interstices. Bola-amphiphile scaffolds were characterized by planar structures with DNA strands presumably sandwiched in-between peptide nanotapes. Importantly, complexation did not affect the structural integrity of DNA in either of the two complexes. The bolaamphiphile conjugates displayed high levels of molecular ordering in contrast to the liquid-crystalline features observed in lipopeptide assemblies. Peptide-DNA complexes were assessed for their potential as a means to deliver the reporter vector pEGFP-N1 into SW480 human colon carcinoma cells. Successfully transfected cells expressed Green Fluorescent Protein. The potentiating effect of PRW-C 16 on the cellular uptake of ectopic DNA was found to be much greater than that observed with RFL 4 FR. In contrast to bolaamphiphile-based conjugate, the liquid-crystalline nature of the lipopeptide complex is likely to play a key role in DNA release and transfection efficiency since these weakly bound structures require lower energy expenditure during disassembly and load release.
Introduction
Synthetic complexes for the transport and release of nucleic acids (NAs) are alternative delivery systems to engineered viral vectors with applications in the area of nucleic acid therapeutics including gene therapy.
1, 2 The concept consists of creating a synthetic envelope to encapsulate polynucleotides, forming scaffolds that can be carefully designed to protect the cargo, promoting uptake across the membranes of targeted eukaryotic cells and facilitating endosomal escape following cellular uptake. 3 Electrostatically, nucleotide sequences are highlyanionic polyelectrolytes that carry one charge per phosphate group under physiological conditions. 4 This characteristic has led to a considerable focus on various cationic species as obvious candidates for complex formation with DNA. 5 Despite Coulomb attraction being evident in these systems however, there is general consensus that the entropy effects that appear upon counter-ion release from oppositely charged macromolecules are the underlying mechanism leading to the formation of thermodynamically stable complexes. 6, 7 Lipids and polymers have been a preferred choice for designing non-viral carriers, which are often referred to as lipoplexes and polyplexes, respectively. 1 Conjugates formed between NAs and amphiphilic moieties can self-assemble into a wide variety of liquid crystalline polymorphs, 5, 8 including multilamellar ("onion-like") arrays, 7 disc-shaped bicelles, 9 hexagonal structures, 10 and cubic phases. 11 Since cell transfection efficiency has been found to be dependent on a number of factors, including charge density and structural features, 12 an accurate understanding of the spatial organization within such transfection complexes is of key importance in order to optimize intracellular cargo delivery.
5
Synthetic peptides are promising candidates as molecular carriers for biomedical applications thanks to their wide chemical diversity, ease of synthesis and intrinsic biocompatibility. 13, 14 Recently, conjugates involving peptide self-assemblies have been formulated for molecular transport and their toxicity towards eukaryotic cells has been investigated. [15] [16] [17] Previous studies conducted by our groups have also demonstrated the ability of arginine-rich sequences to self-assemble into nanoscopic polymorphs where cationic groups appear spread across the interfaces of the nanostructures, thus being candidates to form complexes with anionic species. 16, 18, 19 Here, we expand on these prior studies and scrutinize in detail the structure of conjugates obtained between DNA (both small linear fragments and plasmid vector) and short arginine-containing peptide amphiphiles (PAs). Arginine-rich sequences have been widely demonstrated to be highly efficient when it comes to promoting cell uptake and are extensively found in cell penetrating peptides (CPPs). 20, 21 Several studies in which arginine-containing carriers have been compared to others containing cationic amino acids, including lysine which is also frequently used in CPPs, 20 have systematically shown that arginine is more efficient at promoting membrane penetration. 21, 22, 23 This has been attributed to the diffuse charge distribution and stronger H-bond donating capabilities observed in guanidium groups on arginine side-chains. In the current work, we also investigate the transfection potential of these PA/DNA complexes by monitoring the expression of plasmid-encoded enhanced green fluorescent protein (EGFP) in a human colon carcinoma cell line (SW480).
In Figure 1 , we show the chemical structures of arginine-based PAs used to produce conjugates with double-stranded DNA. Two types of PAs were used in our complexes: a surfactant-like peptide with a head group consisting of a PRW (P = proline, R = arginine, W = tryptophan) tripeptide, and a bolaamphiphile compound with the sequence RFL 4 FR (R = arginine, F = phenylalanine, L = leucine). 16 Inclusion of the lipopeptide head group was based on the recognized effectiveness of arginine groups for enhancing cell membrane permeation 20, 24 and on the observation of the high frequency with which proline-rich sequences are seen in amphipathic cell-penetrating peptides 25 (CPPs). In addition, tryptophan has been found to be a crucial residue for the uptake of CPPs and, thanks to its hydrophobic nature, it has also been assessed for interaction with the core of lipid plasma membranes. 26 In the arginine-capped bolaamphiphile sequence, these moieties are thought to help membrane adhesion whereas the highly-hydrophobic FL 4 F central spacer assists the formation of stable nanosheets in water at very low concentrations. 16, 27 We investigated the structure of PA/NA-complexes using a range of biophysical techniques including small-angle X-ray and neutron scattering (SAXS and SANS), fibre X-ray diffraction (XRD) and high-resolution cryogenic electron microscopy (cryo-TEM) imaging. PA/DNA complexes: Peptides and DNA were dissolved in buffer (100 mM Trizma or PBS, pH 7.4) at typical final concentrations of ~5 mg/mL for peptides and ~3mg/mL for DNA.
Concentrations were chosen so that arginine-to-phosphate molar ratios were equal to one. Thus, calculations were made considering two phosphate groups per nucleotide base pair (M w = 660 g), one arginine side-chain per molecule of lipopeptide PRW-C 16 and two arginine residues per bolaamphiphilic sequence RFL 4 FR. Under these conditions, formulations made with plasmid formed a white precipitate upon mixing, whereas samples prepared with DNA fragments formed a turbid solution. In neutron scattering assays, the procedure was similar to that described above; however, samples were diluted using H 2 O/D 2 O mixtures (see details below).
Cryo-TEM assays:
Cryogenic transmission electron microscopy (cryo-TEM) imaging was performed as detailed elsewhere. 16 Briefly, the instrument was a JEOL JEM-3200FSC operating at 300 kV. The microscope was used in bright-field mode with a slit width of 20 eV and images were recorded with a Gatan Ultrascan 4000 CCD camera. Droplets containing about 3 μL of PA/DNA suspensions were cast onto copper grids, blotted once for 1 s and then vitrified (in a 39%, 66% and 100% (fully deuterated). Ratios of 39% and 66% were chosen to match the SLD of peptides and DNA, respectively. 33 Fully hydrogenated or fully deuterated mixtures were used for providing highly positive and highly negative contrasts, respectively. 
Results and Discussion
Structural analysis of peptide complexation with short DNA fragments
We first ascertained the structure of complexes formed between PAs and short DNA fragments. The goal of these preliminary studies was to probe the viability of complexation using model conjugates which are likely to be simpler than complexes prepared from highmolecular-weight sequences. 29, 35 The fragments were ~150 base pairs long, roughly corresponding to the persistence length of the biopolymer. 4 In this case, DNA duplexes could be approximated by rigid rods with lengths of ~50 nm and diameters of ~ 2 nm. As will be discussed below, the local structure of complexes using DNA fragments retains remarkable similarities with the local structures of complexes made from plasmid DNA. Another advantage of using such short fragments as a model is their relatively low cost in contrast to longer plasmid sequences. This is a critical issue, especially for preparing samples for neutron scattering which require much larger DNA quantities than those needed for transfection assays or structural analyses using X-rays or cryo-TEM.
In Figures 2A and B , we show high-resolution SAXS either from single-phase formulations -i.e., samples containing only DNA or PAs -or from preparations with peptides and nucleic acids dissolved at a 1:1 arginine-to-phosphate ratio. Scattering profiles from singlephase samples were smooth, without Bragg peaks and can be modelled in terms of analytical form factors 36 . Data collected from solutions containing only DNA fragments (bottom curves in Figure 2A and B) was fitted according to a cylinder-shell form factor 33, 36 with fitting parameters of L = 51.9 nm for the length, R = 0.98 nm for the core radius and R = 0.40 nm for the shell thickness. These values are in close agreement with dimensions expected for 150 bp DNA rods plus Na + counter ion solvation shells. 37 The cylinder-shell form factor was also used for fitting data from samples prepared with the lipopeptide PRW-C 16 dissolved in buffered solutions (middle curve in Figure 2A ). The fitting parameters were as follows: L = 187.4 nm, R = 1.61 nm and R = 1.33 nm, consistent with cylindrical micelles with cores built up from C16:0 alkyl chains 38 and outer shells made up from a tripeptide functional group (3  0.34 = 1.02 nm) plus a counter ion layer. 39 SAXS profiles from solutions containing the bolaamphiphile RFL 4 FR (middle curve in Figure 2B ) were consistent with nanosheets as previously described. 16 SAXS data from these formulations was fitted with a bilayer form factor, 40 revealing an effective membrane thickness of t = 3.0 nm, in agreement with bolaamphiphile membranes built up from pairing of octameric strands with length 8  0.34 = 2.7 nm 39 plus a counter ion solvation shell.
SAXS curves from samples containing both DNA and peptides are much more intricate than data from single-phase solutions. We found that these curves are not appropriately described by linear combinations of their single components, a finding that has been interpreted as evidence for complexes in solution. 33 In this case, curves were dominated by Bragg peaks at intermediate q-range (black arrows in Figure 2 ) indicating the presence of highly-ordered structures at the nanoscale level and pointing out the appearance of new levels of organization in the assemblies. Analysis of scattering behaviour across the q-range examined revealed valuable information on the multi-hierarchical structure of the arrays. The low-q range of SAXS profiles from samples incorporating the lipopeptide PRW-C 16 was characterized by a linear descent scaling with ~q -3.6 (upper curve in Figure 2A ). This value for the Porod exponent reveals a typical feature of long-range clustering in biological macromolecules 41 and suggested structures with sharp interfaces and a surface fractal dimension of D s = 6 -3.6 = 2.4. 41, 42 An intense peak at q 0 = 1.12 nm -1 , followed by its second order at q 1 = 2.25 nm -1 , indicated a repeat distance of d = 2/q 0 = 5.6 nm which can be ascribed to the separation between layers in a lamellar structure containing DNA in the interstices. Since the diameter of double-stranded DNA without a counter ion solvation shell was around 2 nm, 4 lamellae formed upon complexation can be smaller than rod-like micelles formed by the lipopeptide. In this case, PRW-C 16 likely self-assembled into interdigitated bilayers with a thickness estimated at ~ 3.6 nm, similar to the organization observed for other C 16 lipopeptides. 43 We propose that the appearance of these interlocked structures is driven by condensation of PRW-C 16 monomers mediated by DNA strands and that this induces the formation of lamellar aggregates with increased amphiphile concentration. This condensation step is then followed by inter-aggregate interactions which promote fusion of local lamellar domains and lead to long-range assemblies with fractal features. The full width at half maximum (FWHM) of the first-order peak was shown in Figure 3A -E, is represented by irregular aggregates with surface fractal features and an inner structure containing local domains with a lamellar organization. The process likely starts with the condensation of lipopeptide micelles mediated by highly-anionic DNA strands ( Figure 3A) , which leads to the formation of aggregates with increased amphiphile concentration followed by fusion into short-range lamellar domains ( Figure 3B ). Within these domains, interdigitated bilayers appear intercalated with DNA fragments hosted in hydrophilic channels with a layer periodicity of ~ 5.6 nm ( Figure 3C ). These local structures are composed of only a few correlated layers, and loops interconnecting neighbouring membranes were introduced into the model to represent fusion and allow folding to fit bilayers and plasmid into small lamellar domains. Interactions between these domains ( Figure 3D ) could lead to the appearance of long-range fractal aggregates ( Figure 3E ). This picture is also consistent with the fluid behaviour of amphiphile mesophases and provides microphase environments where peptides and DNA appear to be spatially separated. In the case of bolaamphiphile-based complexes, (shown in Figure 3F-I) , the large-scale assembly is represented by peptide nanosheets forming a sandwich with nucleic acid strands in-between. The pathway also starts with DNA chains mediating the condensation of nanosheets into sandwiched assemblies ( Figure   3F ). Due to the high-crystalline order of the nanosheets however, the overall planar structure of the complex is maintained ( Figure 3I ; discussed below). Local ordering is characterized by DNA chains condensed onto peptide surfaces, forming weakly-ordered galleries with interaxial spacing of ~ 3 nm ( Figure 3H ).
Structural analysis of peptide complexation with plasmid DNA
The second part of our study focused on complexes prepared using peptide amphiphiles and the plasmid vector pEGFP-N1. Samples were prepared under the same conditions used in the case of small DNA fragments, i.e., complexes were formulated in buffered solutions (100 mM Trizma, pH = 7.4) and with peptides and DNA mixed at a 1:1 arginine-to-phosphate ratio. . This arose because structural differences in this case were likely to appear at larger scales and the contribution from longer DNA chains was beyond the detection range of the technique. Therefore, in the range probed in our SAXS assays, structural features of both plasmid-and DNA fragments-based complexes were essentially the same and only slight differences were observed between formulations. In the case of PRW-C 16 /pEGFP-N1 conjugates ( Figure 4A ) the first-order Bragg peak associated with the mean separation between domains appeared at q 0 = 1.14 nm -1 , leading to a direct-space distance (d) of 5.5 nm. There was also a diffuse peak at q ~ 2. Figure 4F , revealed the presence of plasmid segments lying on the peptide surface. Moreover, the average diameter of threads observed across the sample was found to be ~ 5 nm, which is much thicker than the size expected for a duplex diameter. We propose that bolaamphiphile octamers may be condensed in the surroundings of plasmid strands. In addition, the appearance of these presumed peptide/plasmid threads bound to tape-like assemblies suggested a fusion process leading to flat tape-like assemblies.
X-ray diffraction was carried out to provide sub-nanometre details on the organization of PA/pEGFP-N1 complexes. In Figure 5 , two-dimensional diffractograms resulting from these experiments exhibited characteristic patterns comprised of concentric Bragg rings. Diffraction data from single-component samples (Figures 5A-C) and plots of radially averaged intensities as a function of 2Figures 5F and G), are also displayed for comparison. It should be noted that the method used for sample preparation led to non-oriented fibres, this being the reason for the powder-like DNA patterns obtained by us ( Figure 5A ), and these do not resemble the classical X-shaped behaviour found in highly-oriented fibres. 47, 48 Peak positions in the DNA diffractograms were closely indexed by an orthorhombic unit cell with lattice parameters a = 3.12 nm, b = 2.27 nm and c = 3.37 nm, which has been widely ascribed to the B-form of the double helix [49] [50] [51] (see inset with the simulated pattern in Figure 5A ). Data from peptides showed different levels of order depending on the nature of the amphiphile used in the formulation. In contrast to SAXS data, which could not be properly described by combinations of contributions from the individual components, the XRD reflections from complexes were more straightforward and were interpreted by superposing the repeat distances appearing in the DNA or peptide diffractograms. In Figure 5D , the wide-angle region of plasmid/PRW-C 16 patterns was dominated by the diffuse ring ascribed to separation between alkyl chains in the lipopeptide structure. On the other hand, a feature of the low-angle region was Bragg peaks arising from separations between phosphate groups in the DNA strands. 49 Conversely, in the case of complexes prepared with the bolaamphiphile, diffraction peaks ( Figure 5E ) from DNA packing were more pronounced in the wide-angle region, whereas those related to peptide organization appeared either at small or at wide angles.
These findings likely indicate that complexation does not affect the structural integrity of the pEGFP-N1 cargo which is a key requisite for any such genetic material retaining its functional capability. The absence of crystalline features in the diffraction patterns of the mixtures of peptides and polynucleotides is suggestive of weaker interactions between these species. The molecular organization of such PA/NA conjugates is a key issue for delivery to the cellular nucleus where DNA dissociation from such complexes is critical for subsequent gene expression. Another important issue in intracellular uptake is the endosomal escape of the vehicle after delivery to the cytoplasm of the cell -i.e., after releasing its cargo, the vehicle should be metabolized by cellular machinery without further interference or toxicity to the cell. 20 Here, the higher fluidity observed in conjugates formed with the lipopeptide is a potential advantage because such weakly bound structures are presumably easier to unpack either for delivery of the load or for endosomal escape of the transfected DNA.
Peptide-plasmid complexes as tools for in vitro transfection of cells in culture
The potential of PRW-C 16 and RFL 4 FR peptides to interact with plasmid DNA was also investigated using a gel retardation assay in which the appearance of plasmid bands of reduced electrophoretic mobility is evidence of peptide-DNA interactions. Increasing dose-dependent binding of RFL 4 FR and PRW-C 16 to plasmid DNA was clearly in evidence (see SI file, Figure   S4 ), observations that fully concur with those reached during the structural studies described above. PRW-C 16 and RFL 4 FR showed greater DNA interactions when peptide quantities were higher than ~ 300 ng and ~ 200 ng, respectively, after which the free DNA bands were almost completely shifted. Given that the quantity of vector DNA was fixed at 100 ng, one can estimate full complexation occurring when the number of arginine residues exceeds that of phosphate groups (arginine-to-phosphate ratios above ~ 1.5 and ~ 1.3, for PRW-C 16 and RFL 4 FR). These findings reinforce the role of electrostatic interactions as a driving force for complexation and suggest that DNA strands act as a mediator of peptide condensation prior to fusion and leading to the formation of envelopes surrounding the nucleic acids. The ability to bind cargo through electrostatic interactions is beneficial for potential cell-penetrating peptides as there is no need for covalent linkage procedures which have the potential to alter the function or efficacy of the attached cargo. Conjugation of peptides to cargo may also be costly and laborious, an example being the generation of a conjugate of the amphipathic transporter and siRNA, a procedure that required synthesis of 5' thiol groups and disulphide bond formation. 52 A key aspect of any reagents to be used in transfection studies is their potential for cytotoxicity. We chose to investigate this possibility using a dual cell viability assay which consisted of a mitochondrial activity assay (Alamar Blue) and a cell membrane integrity assay (CFDA-AM). It can be seen that neither peptide showed any significant negative effect on pathways, posing as an obstacle to the usefulness of many CPPs. 54 The transfection capacity of PRW-C 16 may be due to its combination of R and W residues and an ability to form micelles through lipophilicity. Arginine has been shown to provide electrostatic interactions and hydrogen bonding with anionic groups on the cell surface thus promoting uptake. Studies have suggested that the resulting peptide charge influenced by R residues can facilitate HSPG (Heparan sulphate proteoglycan) binding and also mediate entry through endocytic pathways. 55 Interactions from a single R residue may not be sufficient to promote cellular uptake alone, however in combination with other residues, may enhance uptake. Elsewhere, tryptophan has been linked to DNA intercalation 56 and membrane destabilisation. 20 Lipophilic groups, such as the hexadecyl chain, have also been shown to play a significant role in cellular uptake. Prata et al. demonstrated the influence of the lipophilicity of a similar tripeptide on transfection ability, with the sequence KWK (K: lysine; W: tryptophan) indicating a lack of cellular uptake in the absence of a C 14 chain. 56 In the present study, the successful delivery of functional plasmid to the nucleus suggested that the interdigitated assembly formed was able to maintain stability and prevent early inappropriate disassembly. We also noted that transfection efficiencies with PRW- 
Conclusions
We presented a comprehensive description of the self-assembly of complexes formed between DNA and arginine-containing peptide amphiphiles. For the first time, self-assembly of two major types of PAs, a lipopeptide and a bolaamphiphilic peptide, was compared under the very same conditions and both were found to easily form complexes with nucleic acids. The combination of high-resolution SAXS and contrast-variation SANS provided unprecedented insights into the structure and enabled us to accurately determine spatial ordering in both complexes. interactions. 57 In fact, unlike bolaamphiphile conjugates whose diffraction patterns exhibit sharp Bragg peaks arising from well-ordered structures, wide-angle XRD from lipopeptide complexes appeared to be smoother and dominated by diffuse reflections (see Figure 5F ). This behaviour indicates an absence of long-range order at sub-nanometre level and is also evidence of weak non-covalent forces at play for stabilizing assemblies. 58 During load release, these weakly bound structures may represent an advantage that makes for easier disassembly followed by delivery of DNA into nucleus. This is supported by transfection efficiencies estimated through fluorescence microscopy assays, which indicated that the lipopeptide-based conjugate investigated here is much more efficient for enhancing uptake of DNA in comparison to the bolaamphiphile complex.
In bolaamphiphile-based complexes, stronger forces are presumably involved in longrange ordering and make unpacking energetically costly. We therefore propose that the crystalline nature of bolaamphiphile nanosheets hinders disassembly steps required for load release and that this is the basis for the poorer delivery capabilities observed in these complexes.
In addition, these structures are stiffer and bending peptide nanosheets for wrapping nucleotide strands is a process that requires very high energy expenditure. In this case, DNA helices are probably not completely "protected" within a peptide envelope formed by bolaamphiphile sheets and could be damaged in the extracellular medium. This hypothesis is supported by cryo-TEM images (see Figures 4D and 4F ) that show nucleotide strands partially exposed in bolaamphiphile complexes.
Importantly, cell viability assays showed that both peptides and peptide complexes were of limited toxicity to two well-studied cell lines. Furthermore, and consistent with the structural features identified above, our preliminary transfection assays showed that PRW-C 16 in particular had potential in terms of its ability to assist with gene delivery to cells in culture. Further studies will involve optimising the transfection protocol coupled with the use of an expanded range of transformed and cultured primary cells, analysing the mechanisms of cellular uptake and complex disassembly post-transfection, and investigating the capacity of PRW-C 16 to deliver cargo including siRNA and molecules other than nucleic acids. In the future, we plan to investigate peptide-DNA interactions/transfection efficiencies involving alternative nucleic acid cargos such as oligonucleotides and small RNA molecules. Also, the role of different sidechains in both spatial organization and delivery capabilities will be studied by designing new peptide scaffolds in which systematic amino acid substitutions have been introduced into the primary sequences investigated in this work.
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